The applications of Abstract. 2014 The importance of Mössbauer Spectroscopy in heterogeneous catalysis research is increasing, since more and more catalysts are complex finely dispersed solids, sufficient characterization cannot be achieved easily with more conventional methods. After summarizing the special features of Mössbauer Spectroscopy of solid catalysts, we show and discuss some examples of its use in identifying catalytically active phases, in studying adsorption phenomena, and reaction mechanisms. Questions that remain and perspectives given by Mössbauer spectroscopy in heterogeneous catalysis research are presented (*).
Revue Phys. Appl. 16 (1981) 477 1. Introduction. -As discussed in the precedent articles [1] [2] [3] , the mechanism of a catalytic reaction involves several steps and its determination is usually a rather difficult task. (75) .
tin, are some of the major components in many industrial or model catalysts. However in such investigations antimony, cobalt, europium, gold, iridium, platinum, ruthenium, tellurium were also involved. At present about 250 references are relevant to this subject [5] and review papers are available for a complete comprehensive bibliography to date [6] [7] [8] [9] . Here we use a few examples to show the main contribution of Môssbauer spectroscopy to heterogeneous catalysis research, the questions that remain, and the perspectives that are gained, by examining successively : . 2. Particularities in the use of NGR in heterogeneous catalysis research. -Some particularities arise chiefly from the fact that the catalytic solids are powders with mean particle sizes d in the range 1 to 100 nm and dispersions D (number of surface atoms/ total number of atoms) from about 1 to about 0 res-pectively [1] . The Môssbauer parameters of the most dispersed catalysts may undergo deviations from the values known for large particles of the same species, as previously discussed to some extent [8, 10] . We summarize here these features, taking into account some more recent results and pointing out the main questions for which an answer is yet needed. Some typical examples will be used, especially the very instructive work of Bartholomew and Boudart on Pt-Fe/C [11] , illustrated in figure 1 , where all the hereafter discussed effects are found owing to the choice of a support chemically inert in the conditions of the experiments. Particularities in methodology and special physicochemical behaviours are also presented. [ 15] and for 6 nm particles of iron supported on silica ô' at 78 K is null for the bulk and + 0.1 b mm . s -1 for the desorbed surface layers [16] . - Therefore it seems to be more promising to examine the behaviour of smiller particles. The results obtained with very dispersed metallic iron catalysts are reported in table I. In the most reliable cases of fine grains of alloys (1.5 to 3 nm), Pt-Fe supported on graphite [11] or alumina [22] and Pd-Fe on alumina [22] , h = 0.00 ± 0.02 mm. s - 1 for the bulk of the particles and often also for the surface layers covered or not by hydrogen. [26] . [11] show spectra such as that of figure 1 for compositions which for large grains would result in ordered magnetism and correspondingly six lines NGR pattern. This collapse of the hyperfine structure arises when the particle is small enough to induce the superparamagnetic behaviour, which is extensively discussed in another paper of the same series [4, 75] . The [28] as being equal to the bulk value or found theoretically [29] and experimentally [16] For instance, such a behaviour appears to some extent for the Pt-Fe/C alloys [11] , which are reported as giving f/fo -0.2, and more drastically for Ru JSi02 catalysts (NGR of 99Ru) whose resonant absorption was not perceptible [32] . The publications dealing with this topic were reviewed recently in the introduction of a paper [14] which reconsidered the subject by using well characterized Sn02 powders of several mean sizes. As an illustration of this work, figure 3 tion of J' could be ascribed to a more or less strong bonding of a particle to its neighbours, allowing the excitation of a vibration of the whole grain in the gamma-ray nuclear emission or absorption process.
Therefore the Lamb-Môssbauer factor must be defined as the probability of no phonon and no grain vibration excitation, and written as the product of the two corresponding probabilities, the first being the usual Lamb-Môssbauer factor, written here as fo, and the second could be designated by /part and calculated according to a suitable formalism.
Twd approaches to this problem were published, both using the Einstein one frequency model of vibration of the particle as a whole. The first approach [33] considers the force constant 03BE of the movement and derives, in the high temperature approximation (at 300 K for instance), the following formula, where Eo is the energy of the Môssbauer transition :
The second approach [34] uses a treatment founded upon the frequency modulation of the y ray by the vibration of the particle and leads to a simple formula when f part is sufficiently large :
where M is the mass of the particle and 03A9 its mean vibration frequency, is the wavelength of the y ray.
Indeed the validity of these relationships is not easy to check, but they suggest the possibility of a variation of f in the same way as the number and area of contacts of the particle with each others, which appears clearly in the experiments of compaction illustrated above. Clearly, the concentration of the solid solution decreases as T increases.
These aspects of the behaviour of Sn-Sb-0 catalysts introduced an improved approach to their reactive properties. Since Sb204 alone was known as a poor catalyst, the structure of the antimony oxide phase was reexamined by X-ray diffraction and was revealed to be structurally oriented [50] , which could explain [57] . NGR also established the occurrence of the same process with tin alloyed to platinum in Pt-Sn/Al203 [36] . Readsorption of hydrogen at the same temperature restored the reduced state. So NGR played an important role in ensuring the existence of a redox equilibrium involving the support for a supported pure or alloyed oxidizable métal Me [58] , which can be written as a whole :
Since this effect was found to be small in the case of silica as a support [58] , it is very interesting to [56] .
consider the results of a very careful Môssbauer study of hydrogen adsorption on Fe/Si02 with a dispersion of 15-30 % for the métal particles [59, 16] . The use of a special high-or-low temperature cell allowed all the treatments to be performed without moving the sample. In these conditions NÛR at 78 K in an external magnetic field of 12.4 kOe gave the spectra shown in figure 6 [16] , after outgassing in vacuum at 673 K (6a) and after hydrogen chemisorption (6b). Each magnetic pattern is a sum of two components, one characteristic of bulk iron (nearly 38 % of the spectrum area) and the other refered to as a surface component (6-9 % of the spectrum area). The following main Môssbauer parameters were computed for the latter : after desorption à (with respect to Fe foil at 300 K) = 0.26 ± 0.04 mm , s -1 and H (total at the nucleus) 367 ± 3 kOe, after hydrogen chemisorption ô = 0.36 ± 0.03 and H = 373 ± 3. These changes are not very much larger than the errors, and the Lamb-Môssbauer factor for the surface component does not seem to vary significantly. Nevertheless, the excellent quality of the experiments inclines one to believe in the difference between the isomer shifts as well as between the hyperfine field of surface metallic iron in the adsorbed and desorbed states. More- Fig. 6 . -NGR spectra of finely dispersed iron of an Fe/Si02 catalyst : (a) after desorption ; (b) after hydrogen chemisorption. After [16] .
over a small increase in the anisotropy constant upon adsorption was also reported [59] and a similar behaviour appears in the case of CO (see 4.3). Therefore, the two proposed increases in 03B4(~ + 0.1 mm. s-1) and H (~ + 6 kOe) which occur upon hydrogen chemisorption can be accounted for by an increase in 3d electron density. 4 Indeed the former procedure is the surest one and allows and evolution study to be carried out over a long period without successive interruptions. The two first examples of this methodology appeared only some years ago [62] , resulting in fundamental information : the sensitivity of a.mmonia synthesis to surface structure of an iron catalyst [63] and the increase in reduction of iron molybdates occurring from oxygen removal during ôxidation of hydrocarbons [64] .
Here 
